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ABSTRACT
EFFECTS OF SALT ON THE SHEAR STRENGTH
OF BOSTON BLUE CLAY
Isotropically consolidated, undrained triaxial tests with
pore pressure measurements were run on three types of Boston Blue Clay
(MIT 1139): 1) samples consolidated from a slurry prepared with "water"
(less than 3 gm NaCl/liter) pore fluid; 2) samples consolidated from a
slurry prepared with "salt" water (35 gm Nal/liter) pore fluid; and
3) four "leached" samples of salty clay, consolidated to 3.0 kg/cm2 a
leached of the majority of their salt prior to shear.
The data showed:
1. Water samples had a lower Wf/ ec ratio but the same
S / rc ratio as the salt samples.
2. Water samples have a slightly lower (20) effective
stress envelope at maximum principal stress difference
than salt samples for normally consolidated specimens.
3. Water samples have a slightly lower effective stress
envelope at maximum principal effective stress ratio
than salt samples for normally consolidated specimens.
4. Leaching the salt from the normally consolidated salt
samples at constant rc produced the following effects:
c
a) decreased the shear strength and the strain at
failure (maximum principal stress difference),
b) increased Au and Af at maximum obliquity; at max-
imum principal stress difference Au is virtually un-
affected and A changes only very slightly due to a
combination of reduced strain at failure and reduced
shear strength,
c) reduced the effective stress envelope at (0" - Q )
(*) from 26.50 (salt samples) to as low as 190 (L-4).
-ii-
The data indicate that the lower strength at the larger strains
near maximum obliquity of the leached samples is due to higher pore pres-
sures generated in the sample by remolding in the failure zone. These
higher pore pressures are caused by increased particle reorientation
which could be explained by the relative inability of particles to remake
broken contacts during shear because of the increased double-layer
repulsion in samples with lowered salt concentration and high water
content at a given consolidation pressure.
-iii-
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v = liquid limit.
wp plastic limit.
P.I. plasticity index.
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pore pressure measurements.
OCR =over-consolidation ratio = maximum past consolidation pressure/
consolidation pressure just prior to shear.
NC = normally consolidated
C over-consolidated.
= normal effective stress.
shear stress.
q = ( 3)*
p (3).
S = undrained shear strength = .1 ( ' -)u 2 1 3 max
T c= consolidation pressure.
vii
SUBSCRIPTS:
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W = water samples.
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f = "at failure" or "on the failure plane".
ff "on the failure plane at failure".
viii
FIGURES and TABLES
Figure
Number
1.1
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
W-5
W-9
W-3
W-1
( c
( c
&c
(&c
= h-o)
- 4.03)
6.0)
= 6.0)
Title
Data on Asrum Clay (fr: BJERRUM and ROSENQVIST
(1956))
Grain Size Distribution (MIT 1139)
Fig. 3.2 thru 3.26 plot: (" - a3) v3.e;excess
pore pressure vs. C; ( d ) vs.E. ; A vs.4 for
the tests listed below:
S-1 ( ac = 2.0)
S-4 ( c = 3.0)
3-9 (&c = 3.0)
S-2 (& = 4.0)
S-3 ( &c = 6.0)
s-6 (4 -c = 0.5; oCn-6)
s-8 ( g-c = 1.0; OcR:12)
3-5 ('e = 1.0; OCR=12)
W-4 (Cc = 2.0)
W-2 (* c = 3.0)
W-8 (i-e = 3.0)
w-6 (4&c = 3.0; consolidated, rebounded to zero,
and reconsolidated)
Pahge
13
26
27
28
29
30
31
32
33
34
35
36
37
38
39
11o
Figure
Number
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
Title
W-10 (e = 1.0; cR=6)
W-11 (& = 0.5; oc.n=12)
W-12 ( c 0.25; C=24)
L-1 ( 6 = 3.0)C
L-2 ( = 3-0)
L-3 ( c = 3.0)
L-4 ( = 3-0)
S-10 (e = 3.0; aged 46 days)
W-7 ( 3.0; aged 46 days)
S vs. w'; c vs. w' (all normally consolidatedU C samples)
g vs. p; Su V . (salt samples)
qma. vs. p; Su vs. c (water samples)
Effective Stress Paths for N.C. Salt Samples
Effective Stress Pt'h3 for HT.C. Water Samples
Effective Stress Pathi: Comparison of Leached
Samples with Salt and Water Samples at the Same
Consolidation Presssure
Effective Stress Patahs for O.C. Salt Samples
Effective Stress Paths for 0.C. Water Samples
Hvorslev Parameters for Salt Samples
Hvorslev Parameters for Water Samples
Pore Water Distribution after Failure
w' after Failure and Oven-Drying
s
Page
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
Figure
Number Tile Page
4.1 Leached Samples: Effective Stress Envelope at
Maximum Principal Stress Difference 77
4.2 Effective Stress laths for Aged and Non-Aged
Salt Samples
4.3 Effective Stress Paths for Aged and Non-Aged
Water Samples 79
5.1 Comparison of a Leached Sample (L-3) With a
Salt Sample (S-10) 82
Table
Number Title Pare
1.1 Effects of Salt Leaching on the Shear Strength
of Horten Clay (fr: SKEMPTON and NORTHEY
(1952)) 6
1.2 Properties of Asrum Clay (fr: BJERRUM and
ROSENQVIST (1956)) 8
2.1 Age, Leaching Time, and Salt Content at Failure
of Leached Samples 17
3.1 Properties of MIT 1139 (Boston Blue Clay) 19
3.2 Sunmiary of Triaxial Test Data (Salt and Leached) 24
3.3 Summary of Triaxial Test Data (Water) 25
3.4 Maximum Obliquities for Salt, Water, and Leached 21
Samples
4.1 Effects of Salt on Atterberg Limits (fr: GREEN
(1956)) 64
4.2 Effects of Aging on Water Content 68
4-3 Effects of Water Content on 73
4.4 Su of Salt Samples Adjusted for Water Content 73
4.5 'Tf of Leached Samples Computed From Hvorslev 74
Parameters
xi
EFFECTS OF SALT ON THE CTFAR STRENGT OF BOSTON BLUE CIAY
CHAPTER I: TITROIUCTION
1.1 A General Statement
In recent years it has become generally recognized that the
engineering properties of clay-water systems can be changed appreciably
by altering the environment contributed to the system by the pore
fluid. These environmental changes do not necessarily need to be
drastic,'but rather are often within the variations that might typically
be encountered in the field.
The engineering behavior of clay-water systems is determined
by the structure of the clay; that is, by the arrangement of particles,
or fabric, and the forces that act between particles. LAMBE (1958)
contends that the structure of a clay is determined by the electrical
forces associated with the charged clay platelets. Changes in the
characteristics of the pore fluid that affect these electrical inter-
particle forces will change the structure of the clay and, consequently,
changes in the engineering behavior of the soil should be expected.
1.2 Expected Effects of Salt Concentration on Shear Strength:
LAMBE (1960) has offered an equation for force equilibrium
across a unit area in a saturated soil-water system:
W = -a + ua +(N-A) (Eq. 1.1)m w
The terms in this equation are defined as follows:
G" =the average total stress across the unit area,
= the average stress where there is "mineral-mineral"
contact,
u = the pressure in the bulk pore fluid,
a - the fraction of the unit area where there is
m "mineral-mineral" contact,
a = the fraction of the unit area where there is
w water-mineral contact or water-water contact,
(i-I) = net electrical effect (repulsive when +) acting
across the unit area.
The "effective stress", 0', is deduced from this equation by taking
a 1.0:
V
u= '- =Ya + (-X) (Eq. 1.2)
m
Thus, there are two components of effective stress: 1) contact stresses,
and 2) stresses due to an electrical contribution to interparticle
forces. LADD (1961) has separated a m from (:-X) on the basis of
mproximity of the particles; (ra m acts where interparticle distance is
less than 200A. Thus, there are "short-range" (contact) stresses, Tam'
and "long-range" stresses, (R-X).
If the effective stress, d, is maintained constant, the contact
stresses, 4a , must be reduced if the electrical component, (R-X), is
increased and vice versa. The effective stress, da , has proved to be
auseful shear strength parameter for saturated soil-water systems. It
is not an ideal parameter since one would expect that the relationship
between shear strength and effective stress would change if the distri-
bution of a given amount of effective stress between contact stresses
and long-range stresses was changed; that is: the "coefficient of
friction" associated with contact stresses would not be expected to
have the same value as the "coefficient of friction" associated with
long-range stresses. Soils in which the (T-X) component of effective
stress is thought to be comparatively large, such as a sodium mont-
morillonite (see LADD (1961)), show friction angles in terms of effective
stresses that are less than friction angles in other soil-water systems
where the (s-X) component is believed to be less important. Therefore,
a transfer of effective stress from contact stress to long-range stress
might be expected to reduce the shear strength of the soil-water system.
Also of interest is the effect of changing, after consolidation and
prior to shear, Ta /(-X) in a soil to be sheared at constant volume.
If C a /(R-X) for a soil of a given fabric (particle arrangement) were
m
changed prior to shear and the fabric did not change, it might be
expected that the behavior of the soil in the vicinity of a newly
broken contact would be different from a soil of identical fabric and
consolidation pressure in which T a /'(N-X) had not been changed prior
m
to shear. In particular: if (7-A) were increased prior to shear, this
dispersive force would tend to hamper the reforming of broken contacts
during shear and some normal stress in the area of the broken contact
would have to be transferred to adjacent contacts, to (B-X), or into
pore pressure, u. To transfer the normal stress to (B-A) would require
some additional consolidation and. higher than normal pore pressures
would result during undrained shear. This could appreciably reduce the
undrained shear strength of the soil by reducing the effective stress.
Thus, we are herein concerned about the effect of salt concentration
on' Ca / A).
m
The attractive component (A) of the net electrical effect, (R-X),
is believed due primarily to van der Waals-London forces. They derive
from attractive forces associated with the charge on sub-atomic particles
in the clay mineral lattice and are not much affected by changes in the
pore fluid characteristics.
The repulsive component (n) of (1-I) derives largely from the net
electrical charge on clay minerals and is very sensitive to the charac-
teristics of the pore fluid (Lambe (1958)). The electric charge on clay
minerals results from the substitution of atoms into the crystal lattice
during the formation of the clay crystal that have a valence inappropriate
to produce a neutral crystal. This phenomenon is called isomorphous
substitution and in clay minerals it always results in a net negative
charge; positively charged clay minerals have not been observed. The
negative charge (which varies from particle to particle depending on
the quantity and type of isomorphous substitution) is neutralized by a
number of cations that are distributed over the faces of the clay
particles when the clay is dry. If the clay particle is placed in a
dispersive medium (such as water) the cations will cluster around the
clay platelet. The volume of fluid around the clay platelet in which the
concentration of cations exceeds the concentration of cations in the bulk
pore fluid is called the diffuse double layer. The distribution of
charge in the double layer, and consequently the electric potential, is
described by the Poisson-Boltznann Law (for distances greater than
3
several cation diameters from the particle surface) and is similar to
the distribution of electrons around a charged, infinite capacitor
plate. A repulsive force results when two like-charged doible layers
overlap. By using the Poisson-Poltzmann Law, one can predict that the
double layer repulsive force will decrease as the concentration of
cations in the bulk pore fluid incracs (see IADD (1961), . IIT-3).
Consequently, one would expect the not electrical effect, (-X), to
decrease if the cation concentration were increased, and vise versa.
It is recognized that chanrges in cation concentration may have a
direct effect on ra for a given effective stress as well as an effect
m
on (I-X). Unfortunately, it is not possible to estimate the actual
effect. If one would assume that C a is transmitted over extremely
small interparticle distances ((6 W) it would seem that changes in
cation concentration would have little effect on "a since cations
m
would be largely excluded from the contact area because of the proximity
of the particles. Direct effects of cation concentration on contact
stresses will henceforth be ignored.
Consequently, the expected efrect of changing salt concentration are:
1) Reduced shearing resistance for a given effective stress
if the (R-X) component of F is increased,
2) Higher pore pressure during shear if (n-X) is increased at a
constant & and no change in fabric results.C
These effects would be expected assuming that the clay particle
acts as an infinite flat plate. In addition to the negative charge on
clay particles due to isomorphous substitution, there is evidence of
positive charges on the edges of clay particles (see LAIME (1958))
resulting from unsatisfied primary valence bonds. Edge effects would
be expected to appreciably influence the behavior of soils if the edge
area contributes appreciably to the total surface area. Some data on
kaolin (WISSA (1961)) show that changes in salt concentration affect
soil behavior quite the opposite of what would be expected from consi-
deration of double layer forces only.
1.3 A Review of Some Previous Investigations:
In recent years, the leaching of salt from the pore fluid of
marine clays has been shown a factor contributing to their sensitivity.-
SKEMTON and 11ORTEY (1952) have noted that the sensitivity of quick 2
clays is due to a low remolded shear strength. They have related low
remolded shear strength to high liquidity index and have concluded:
"the liquidity index of an extra-sensitive clay must be very considerably
greater than that of a medium or low sensitivity clay existing at the
same overburden pressure." SKEMPTON and NORTHEY and, later, BJERRU1 (1954)
agree with an earlier conclusion by ROSENQVIST (1953) that the liquidity
index of these quick clays results from removal of salt from their pore
fluid subsequent to consolidation. Removing salt from these illitic
clays reduces the liquid limit and, hence, the plasticity index. There
was no evidence of fabric collapse during leaching; the in situ water
content was little affected by removal of salt after consolidation.
ROSENQVIST (1953) reported having performed tests on a "typical
quick clay" in 1946. This clay had an undisturbed shear strength of
20.12 kg/cm and negligible remolded strength. After the salt content of
the pore fluid had been increased to 30 gm NaCl/liter, the shear strength
(remolded) increased to 0.09 kg/cm2. The salt was then removed by
2dialysis and the shear strength measured as 0.10 kg/cm . Upon remolding,
the shear strength was again found too small to measure. In these
experiments no attempt was made to determine whether or not the water
content had changed during leaching.
undisturbed shear strength
1. Sensitivity =
remolded shear strength at the same water content
2. "quick" has been defined as meaning a sensitivity in excess of 16.
3. "shear strength" hereafter is A the maximum value of principal
stress difference in an undrained test.
4. liquidity index = L.I. = w w P
w -w
1 p
Tnese tests clearly illustrate that the sensitivity of the clay
had been greatly increased by removal of the salt in the pore fluid
after consolidation. Tne effects of salt removal on the undisturbed
shear strength are not very conclusive.
S1MITON and NOR--TH (1952) performed tests on a Shellhaven Clay,
undisturbed, that had a relatively high natural salt content (26 gm/l).
By leaching out salt until the concentration in the pore fluid was
reduced to 12 gm/liter, the sensitivity was increased from 10 to 18.
It was also noted that the undisturbed shear strength was reduced
from 3.2 to 2.8 psi. The water contents for the leached samples were
found to be the same as those of the non-leached samples but no confining
pressures had been applied to the soil samples during leaching. Conse-
quently, it could not be concluded that the fabric would not have
collapsed had a confining pressure been applied during leaching. More
tests were run on a batch of Horten Clay samples subjected to consoli-
dating forces throughout the leaching process. The results of the tests
are presented in Table 1.1.
TABLE 1.1
Effects of Salt Leaching on the Shear Strength of Horten Clay
Su (usi l aX_ I
no t w L.I. undisturbed remoided St saltgnnot -
leached 1.29 31.6 28.6 1>.b 1.23 0.145 0.13 1-1 -
leached 1.29 31.2 24.5 1.7 1.7 0.144 0.03) 3.7 2.2
*Sensitivity from: S XT and NTH0EY112
(1952)
These data illustrate that the effect of salt leaching on this
particular clay had been to in rease the sensitivity by decreasing the
remolded shear strength; the undisturbed shear strength had not been
affected. The water content remained nearly constant during leaching
despite the confining pressures and the increase in liquidity index was
affected by a reduction of the liquid limit.
LAME (1953) has proposed that creating dispersive double layer
forces while the fabric of a clay is hield constant, as 'would result
from leaching salt from an illitic clay, should greatly reduce the
remolded shear strength and reduce the undisturbed shear strength to
some limited extent depending on how the contact stresses in the undis-
turbed soil were affected by the change in salt concentration. LA13E
gives some data for undisturbed Boston Blue Clay leached with a disper-
sant (Na6P4 013 ) that support his theory: undisturbed shear strength
was reduced by the leaching 30-50; remolded shear strength was reduced
from 41 pounds per square foot to zero by leaching, indicating an
increase in sensitivity from about 10 to infinity.
The work sunarized above illustrates that sensitivity can be
increased by removal of salt after consolidation. The data on shear
strength are inconclusive. BJEREUM (1954), after a systematic inves-
tigation of Norwegian marine clays, has related low S / ratio to low
plasticity index. Since salt leaching was known to reduce the plasticity
index of illitic clays, Bjerrum concluded that salt leaching should also
reduce the undisturbed shear stren;th. BJERUM (1954) presents some
data for tests on an artificially sedimented Norwegian marine clay that
show reduction of undisturbed shear strength from 0.31 kg/cm2 to o.06
kg/cm2 after the salt concentration in the pore fluid had been reduced
from 39 gm/l to 1 gm/l. Sensitivity was increased from 6.4 to 90. These
data, contrary Lo those of SKEMPTON and NORTHEY (1952), show a remarkable
reduction of shear strength accompanying a reduction of salt content.
More complete and conclusive data regarding the effect of salt
content on shear strength has been presented by BJERRUM and R0SENQVIST
(1956). An extensive series of tests was performed on four groups of
samples of a typical illitic Norwegian marine clay of glacial origin.
Its properties are sumnarized in Table 1.2. Three groups of the samples
were prepared with salt-water pore fluid and the fourth group was prepared
with fresh-water pore fluid. The salt samples were produced in the
laboratory by sedimentation; several months were expended in the process.
The fresh water samples were consolidated from a slurry at an initial
water content of 150 (L.I.=13.3) to avoid segregation of silt particles.
After sedimentation and K -consolidation, the three groups of salt
samples were treated as follows: one group was leached while under
consolidation pressures so that the salt concentration of the pore
fluid was reduced; a second group of salt samples was leached as in
the first groun until the salt concentration was reduced, then re-
consolidated to higher pressures; the third group of salt samples was
not subjectcd to any leaching at all.
The data obtained from these tests are rep;o-duced in Figure 1.1.
The following conclusions are indicated:
1) the undisturbed shear strength was reduced approximately
40~, by decreasing the salt concentration of the pore fluid
from 35 gm NaCl/liter to 5 sm NaCl/liter,
2) the leaching out of salt has not caused any appreciable
change in the water content,
3) a ntastable structure has resulted from the leaching as
indicated by the large decrease in water content and increase
in shear strength of the two samples reconsolidated to higher
pressures after leaching,
4) the fresh water clay had a lower water content and a consi-
derably higher shear strength than the unleached salt clay for
the same 4c
BJE~PUM and ROSETQVIST explained the reduction of shear strength
caused by leaching salt from the -srum Clay by reference to the following
equation in terms of Hvorslev Parameters (the choice of Hvorslev
Parameters is arbitrary; an equally valid equation can be had by re-
placing the Hvorslev Parameters by effective stress parameters, # and c):
)/2 c r Cos < r + &c(KO+ A (1 - KO))sin r
1 + (2A f - 1)sin *r
TABLE 1.2
Properties of Asrum Clay
natural water content
liquid limit
plastic limit
plasticity index
Natural Clay
L7r
28r')
18.8%
9.2%
Salt Clay
41.5o
20.0e
21.5%o
TABLE 1.2 (Cont'd)
Properties of Asrum Clay
Natural Clay Salt Clay
salt concentration (NaCl) 0.05 gm/l 35 gm/l
base exchange capacity 13.5 - -
clay fraction (-2A ) 502 50%
activity 0.18 0.43
For a given consolidation pressure and assuming that K does not change
because of leaching, there are three variables in the equation that can
account for the reduction of the principal stress differences caused by
leaching:
1) A reduction of Hvorslev cohesion, c r'
2) A reduction of Hvorslev friction, +r;
3) An increase in A .
BJERRUM4 and ROSENQVIST believed that a reduction in c would not accountr
for the 40% reduction in shear strength because the cohesion in
Norwegian marine clays is not thought to contribute nearly 40% of the
strength at maximum principal strength difference. Unconfined compres-
sion tests, which permitted observation of the inclination of the
failure planes, indicated that 4r was the same for leached samples and
salt samples. It was concluded that an increase in A must account for
the reduction in shear strength. The A was believed to be higher for
the leached samples because their fabric is highly compressible. Shear
stresses cause a partial collapse of the fabric resulting in high pore
pressures.
This analysis implies that the strength parameters at maximum
principal stress difference for this clay, in terms of effective stress,
are not affected by leaching out salt. The smaller Mohr's circles at
failure for the leached samples will be shifted to the left by their
larger Af until they are tangent to the normal Mohr envelope and exhibit
the normal values of 4 and c (or i and c ). To account for the 40%
reduction of shear strength observed by BJERRUM and ROSENQVIST, Af at
maximum principal stress difference during an undrained test would have
1
to have a value of 3 or 4. Unfortunately, pore pressures during un-
drained shear of an undisturbed quick clay had never been measured.
Attempts had failed because the metastable structure broke down during
reconsolidation in the triaxial cell and the resulting soil did not
behave like a quick clay. Some data is presented in Section 4.5.2
which suggests that the effective stress parameters are indeed affected
by removal of salt but that the pore pressure at failure is little affected;
the increase in A f is not due to abnormally high pore pressure but,
rather, to reduced shear strength.
The clay-water systems that have been discussed thus far have
consisted of glacial marine clays with primarily illite as the clay
mineral. A different reaction to salt might be expected in a kaolin
because of the affect of the positively charged edges of the particles.
WISSA (1961) has recently completed experiments on a homoionic, sedimented,
sodium kaolinite in which NaCl was diffused into some of the samples
after consolidation. His data lead to the following conclusions:
1) no change in water content is caused by the introduction of
salt into the pore fluid after consolidation,
2) the undrained shear strength is not affected by the intro-
duction of salt after consolidation,
3) the principal stress difference at maximum principal effective
stress ratio is reduced and the effective stress parameter, )
at maximum principal stress difference is reduced by the intro-
duction of salt to the pore fluid after consolidation.
These data show that the effect of salt on strength behavior is not the
same for all clays. The effect on the effective stress path after
maximum principal stress difference is reached caused by a removal of
salt in illitic clays is accomplished in kaolinite by the addition of
salt. In kaolinite, where the effects of positive edge charge may
outweigh the effects of double layer forces, the effect of salt on
shear strength may be nil or even the opposite of the effect on an
illitic clay.
Data presented by LADD (1961) for Vicksburg Backswamp Clay (25%
illite, 25% montmorillonite, w 65%, w -25%) show increased shear
p
strength and increased maximum obliquity ( %/ #3) for samples in
which the content of pore fluid salt (CaCl 2) was increased after consoli-
dation. Similar results were obtained for samples in which the salt
had been added before consolidation. These results are in agreement with
expectations based on double layer considerations.
1.4 Scope of the Present Inrestigation:
In view of the interpretation by BJERRUM and ROSENQVIST (1956)
of the behavior of the leached Asrum clay and of the expected effects of
salt leaching discussed in Section 1.3 and 12 respectively, it appeared
desirable to measure the pore pressures during shear in a quick clay to
determine if A, alone would account for any reduction of the maximum
principal stress difference caused by removal of the salt after consoli-
dation. Also, measurement of pore pressures would permit an assessment
of the changes in effective stress parameters at maximum principal
effective stress ratio (complete failure of the soil skeleton) caused
by the presence of salt.
Consequently, this experiment has two main purposes:
1) to investigate the effects of consolidation in salt water
(35 gm NaCl/liter) on the strength characteristics of a
local, illitic, silty-clay (IT 1139) (Boston Blue Clay).
2) to investigate the ef'fect on the strength characteristics
of the same silty-c ly of leaching salt from the pore fluid
after consolidation.
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CHAPTER II: PROCETURES
2.1 Sumar
It was hoped that a clay with reasonably high sensitivity
could be produced in the triaxial cell by removing the salt from the
pore fluid by diffusion after the soil had been isotropically consol-
idated in the cell. The leaching had to be done in the triaxial cell
in order to avoid the disturbance to the fabric that would inevitably
occur if the soil were leached before consolidation in the cell.
To perform the experiment, three types of samples were needed:
1) "water samples" in which the salt content of the pore
fluid was relatively low (less than 5 gm NaCl/liter)
during consolidation and shear,
2) "salt samples" in which the salt content of the pore
fluid was 35 gmI NaCl/liter during consolidation and
shear,
3) "leached samples" in which the salt content of the pore
fluid was 35 gm NaCl/liter during consolidation and
reduced to much lower values prior to shear.
Triaxial testing was performed on the samples to obtain the
following data:
1) effective stress parameters at maximum principal
effective stress ratio and at maximum principal stress
difference for the water, salt, and leached samples,
2) Hvorslev parameters at maximum principal effective stress
ratio and at maximum principal stress difference for
both the salt samples and the water samples,
3) effective stress paths for four leached samples; ideally,
each of approximately the same age and having a differ-
ent salt content.
Water contents and shrink;age limits after failure were determined
as possible indicators that greater fabric collapse had occurred in
the leached samples during shear.
2.2 Sample Preparation:
The results of previous investigations sumnmarized in Section
1.3 indicate that an appropriate soil had to have at least the following
two characteristics if any considerable degree of sensitivity was to
be obtained by leaching salt from the pore fluid after consolidation:
1) it must flocculate readily and produce a highly porous
fabric when consolidated in salt water,
2) the liquid limit must be affected by salt content so
that the liquidity index would be increased if salt were
removed from a conoolidated sample.
The soil samples used in this experiment have proved to satisfy these
requirements only to a limited degree. A quick clay has definitely
not been produced in the triaxial cell. Nevertheless, the sensitivity
has undoubtedly been increased considerably and the results of the
tests on leached samples are believed to illustrate adequately the
effects of leaching salt from consolidated samples of illitic clays.
Both the salt samples and the water samples were prepared from
the same batch of soil. A slurry was prepared by mixing the soil and
its natural pore fluid with enough demineralized water to bring the
water content to 421L. The soil had not been dried prior to this mixU)g.
From this batch sufficient soil was removed to make the salt samples.
The water content was increased to 724 (L.I.=3.2) and sufficient salt
(reagent NaCl) was added to bring the salt content of the pore fluid
to 35 gm NaCl/liter. This slurry was thoroughly mixed and then depos-
ited in an evacuated consolidometer and consolidated under YO condi-
tions to 1.5 kg/cm ( C1 ) in a single increment of pressure. The
samples, when removed from the consolidometer, were stored in transformer
oil.
The material for the water samples was the remainder of the orig-
inal slurry at 42% water content. This soil was mixed with sufficient
demineralized water to bring its water content to 51% (L.I.=2.7) where
it appeared about as stiff as the salt slurry. The slurry was then de-
posited under vacuum in the same consolidometer used for the salt sam-
ples and consolidated under KO conditions to 1.5 kg/cm2 ( I ). The
samples were removed immediately after primary consolidation was com-
pleted and stored in transformer oil.
2.3 Triaxial Testing:
Strain-controlled, consolidated-undrained triaxial tests with
pore pressure measurements were run on all samples. English triaxial
equipment (see BISHOP and HEMEL (1957)) was used with the null system
developed by the Norwegian Geotechnical Institute for measuring pore
pressures (see ANDR1ESEN, et.al. (1957)). Pore pressures during shear
were measured through a porous stone at the bottom of the sample.
Samples were trimmed to 10 cm2 area and 8 cm length and set up
with eight 1/4" wide filter paper drains and latex membranes (two
prophylactics with silicone grease between). Except for the four leached
samples, the tests were set up with bottom drainage only.
All samples were back-pressured (usually 3 kg/cm ) to increase
the pore pressure response (B= 4u/ 3 ) and sheared with constant pore
pressure and varying cell pressure.
For most of the normally consolidated samples, the nominal strain-
rate was adjusted to 0.00036 inch/min until the sample has reached max-
imum principal stress difference (about 2% strain) and then increased
to 0.0008 inch/min for the remainder of the test. A couple of tests
were completed at a constant strain-rate of 0.00036 inch/min. The time
to failure (maximum principal stress difference) varied from l- to 6
hours depending on the strain and the deflection of the proving ring.
In total, 25 consolidated-undrained tests were run that are re-
ported herein: 1) 4 leached samples, 2) 9 salt samples, and 3) 12
water samples.
2.4 Arrangements for Leaching7 out Salt:
Four salt samples were set up in triaxial cells to be leached
(actually diffused) of the majority of salt in their pore fluid. The
leaching was done by permeating demineralized water through the filter
paper drains around the periphery of the samples. Arrangements were
provided for drainage at both top and bottom surfaces of the samples.
Salt from the pore fluid diffused into the filter paper drains where the
concentration of salt was less. The rate at which water permeates thru
the filter paper is a variable affecting the rate of diffusion. The
rate of permeation decreases appreciably with time. Sample (L-4) passed
11 cc of water during the first 39 hours of leaching but only 10 cc
during the last 105 hours (12 days later). Sample (L-1) passed only
2.4 cc during
16
the first day of leaching and this rate decreased to 0.9 cc after 50
days. It can be seen in Table 2.1 that (L-4) produced a lower final
salt content than did (L-1) although the former was leached for 4
much shorter time. The seepage head on all samples during leaching was
2
about six feet of water or 0.2 kg/cm . This seepage force caused a
condition of anisotropic consolidation on the samples which was inadver-
tantly ignored when the samples were sheared, All four samples were
2
consolidated to 3.0 kg/cm prior to leaching.
Table 2.1 shows the age, leaching time and salt content of the
pore fluid at failure for the four leached samples.
TABLE 2.1
aged (days) leached (days) salt (gm/l)
(L-1) 56 48 3.1
(L-2) 42 30 4.7
(L-3) 46 14 4.o
(L-4) 17 14 2.6
Salt concentrations in the pore fluid after failure were deter-
mined by measuring the resistance of the pore fluid with a resistance
bridge as described by WISSA (1961).
2.5 Water Contents at Failure:
After completion of the triaxial tests, the samples were
weighed and measured. Water contents were determined for the top,
middle, and bottom thirds of each sample. Water contents of the
samples containing salt were corrected for salt content so that the
water contents quoted would be a true indication of void ratio at
failure.
2.6 Void Ratios After Oven-Drying:
Shrinkage limits of the top, middle and bottom thirds of the
triaxial samples were determined by immersion in mercury. These
shrinkage limits are actually the water content required to fully
saturate the void space of the o-en-dried sample. Such water contents
were computed after accounting for the salt content in the soil
pattie. Volume corrections for the salt were not made, however, since
it was felt that the salt was still in solution when the fabric of
the pattie was set up and thus the salt crystals would have had little
effect on the volume of the dry pattie.
CHAPTER III: TEST RESULTS
3.1 Classification Tests:
A silty-clay (MIT 1139) from a local clay pit was used in
this experiment. Some properties of the soil are given in Table 3.1.
A grain-size distribution curve is shown in Fig. 3.1.
TABLE 3.1
Properties of MIT 1139 (Boston Blue Clay)
water" clay "salt" clay
liquid limit 30.0 34.7
plastic limit 17.5 17.7
plasticity index 12.5 17.0
clay fraction ( 4 2,4) 40Q, 40%o
activity 0.31 0.42
salt concentration (NaCl) 2-3 gm/liter 35 gm/liter
specific gravity 2.77 2.77
3.2 Stress-Strain Curves:
Plots of principal stress difference, pore pressure, and A
versus strain are presented in Fig. 3.2 through Fig. 3.26. These data
have not been corrected for effects of piston friction and filter strips.
Pertinent information from the stress-strain curves is tabulated
in Tables 3.2 and 3.3. In these tables, the values of ( -1 - C3
quoted have been reduced 0.10 kg/cm2 to account for the strength of
filter-paper drains.
In most of the triaxial tests on normally consolidated samples,
the strain-rate was increased -'rom 0.00036 in/min to 0.0003 in/min
soon after the maximum principal stress difference had been reached.
The increase in strain-rate produced a noticable discontinuity in the
(( 1 - T3) vs. strain plot. A few tests (S-9, Fig. 3.4) run at
0.00036 in/min failure are consequently smooth in the region of peak
( Gl - C 3 ) and have been used as "models" in arbitrarily smoothing out
the data where the strain-rate had been increased. The values of
maximum stress difference tabulated in Tables 3.2 and 3.3 are the
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maximum values prior to any chan;e of strain-rate. All quoted strain-
rates are, of course, a.nly nominal and were affected by rate of proving
ring deflection.
3.3 Shear Strength:
Undrained shear strength (SU) is plotted versus water con-
tent on Fig. 3.27. In this plot, the water content used is the average
of the three parts of the sample at failure. The values of S have been
u
taken from Tables 3.2 and 3.3 and have been reduced from measured
values by 0.05 kg/cm2 to account for filter paper drains.
The shear strength is plotted versus consolidation pressure ( )
in Fig. 3.28b for the salt samples and in Fig. 3.29b for the water
samples. The S vs. 0- plots have definite cohesion intercepts and
u c
provide the following relationships:
S = 0.15 + 0.28 a- (Salt and Water Samples)u c
The data used for these plots are from Tables 3.2 and 3.3 and are
reduced 0.05 kg/cm2 ((r . 3)/2) as a filter paper drain correction.
3.4 Effective Stress Parameters:
At Maximum Principal Stress Difference:
Mohr failure circles for the plane of maximum shear stress
are plotted in Fig. 3.2 8a for the salt samples and in Fig. 3.29a for
the water samples. These plots provide the following relationships
between shear stress and normal stress on the failure plane at failure:
Salt Samples: = ifftan 4 (*= 26-50)
ff = .50 ff
Water Samples: ff =fftan ( = 24.50)
T ff = 0. 4 5%f
Data from Tables 3.2 and 3.3 have been used in these plots.
Mohr failure circles for the leached samples are shown in Fig. 4.1
on page 77.
At Maximum Principal Effective 3tress Ratio:
Effective stress paths on the plane of maximum sher St ress
are plotted for normally consolidated samples in Fig. 3.30 and Fig. 3.31
for the salt samples and the water samples, respectively. The data
used in these plots were obtained directly from the stress-strain
arves and have not been corrected for the strength contribution of
filter-paper drains. Consequently, the values of shear stress shown
are somewhat larger than on Figs. 3.28 and 3.29 and in Tables 3.2 and
3.3. As a result, the small cohesion intercept of 0.05 kg/cm2 results.
From Fig. 3.30, 3.31, and 3.32, the value of the friction angle on
the plane of maximum obliquity can be deduced. Table 3.4 compares the
maximum obliquity angles for the three types of samples.
TABLE 3.4
Sample 
______u
Salt 270 30.50
Water 250 280
Leached 250 280
The cohesion intercept has been ignored in the determination of these
effective stress parameters.
In Fig. 3.32 the stress paths for the four leached samples are
plotted in comparison with stress paths for salt and water sanples of
the same consolidation pressure. It is seen that the leached samples
all reach maximum obliquity on the -angle corresponding to the water
samples.
In Fig. 3.33 and Fig. 3.34, stress paths are plotted for the
over-consolidated salt samples and water samples, respectively.
3.5 Hvorslev Parameters:
Hvorslev Parameters at maximum obliquity are presented for
salt samples and for water samples in Fig. 3.35 and 3.36, respectively.
I
The data are plotted by the method of BISHOP and HENKEL (1957). The
graph is a plot of the equation:
(Cr - r CrCO or +f sin +r
2f e*e (1 - sin4 ) e (1 - sin * )e e r e r
where the subscript "f" refers to values measured at failure and F is
e
the value of ic for normally consolidated samples from Fig. 3.27 or the
water content of the failed sample. By plotting the data as shown, the
slope of a straight line through the data is: sin 4 r/(l - sin i ); and
the intercept on the ordinate is: crCos $ r/ (l - sin 4 ); where:
S C r + Offtan + r (Hvorslev's shear stress eq.)
OC = shear stress on the failure plane at failure
cr -e a "cohesion" component of ' related to void ratio
by the parameter '
e
tan b a "friction" component of ^C / Cr if the
r 'ff; ff ~0 f th
water content were kept constant
The Hvorslev Parameters for the salt clay were obtained from
Fig. 3.35 and from Fig. 3.36 for the water clay. Graphs are presented
of the data both at maximumn principal stress difference and at maximum
principal effective stress ratio. In computing the parameters, the
data from Tables 3.2 and 3.3 (corrected for filter strips by subtractir
the cohesion intercept of Fig. 3.30 and 3.31) were used.
3.6 Water Contents at Fati lure:
Each of the stress-strain curves tabulates data for the
water contents measured after failure for the top, middle, andi bottom
thirds of the samples. In Fig. 3.37, the difference between the
average water content and the water content of the center piece is
plotted. The water content of the center piece is probably a better
indication of the water content in the failure zone.
3.7 Void Ratios After F%.ilure and Oven-Drying:
Since shear stresses are believed to cause particle :erienta--
tion, void ratios after failure and drying were measured to indicate
possible more fabric collapse and particle reorientation in the leached
samples than in the salt samples. Fig. 3.38 plots oven-dried void ratio
against consolidation pressure for all the samples tested in undrained
shear.
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CHAPTER IV: DISCUSSION OF RESULTS
4.1 Effects of Salt Content on Atterberg Limits:
The properties of the silty-clay (MIT 1139) used in these
experiments are given in Table 3.1 on page a9. It can be seen that the
liquid limit is only little affected by the addition of 35 gm/l of NaCl
to the pore fluid. This may be due to several factors:
1) a small amount of actual illite despite the 40% clay-size
fraction,
2) the influence of the initial amount of electrolyte in the pore
fluid.
The second factor seems to be the most likely cause since the soil
produces differential thermal analysis quite similar to other soils in
which the percent illite is known.
GREEN (1956) has presented the data shown in Table 4.1 for a batch
of Boston Blue Clay homoionized with sodium. It was washed thoroughly
during preparation and contained a negligible amount of initial salt.
The data illustrate that the first few grams/liter of NaCl has a very
prominent effect on the Atterberg Limits. Thus, the salt content in the
water samples (2-3 gm/l) before additional salt was added could have
precluded a more pronounced change in liquid limit.
TABLE 4.1
salt (gm/1) w w P.I.
1 33 22 11
3* 45 22 23
5 49 22.5 26.5
20 53 24 29
36 52 25 27
*interpolated from: GREEN (1956)
4.2 Effects of Salt on Stress-Strain Relationships:
The salt samples and the water samples, at the same consolida-
tion pressure, have similar stress-strain plots until the maximum
principal stress difference is reached. The initial tangent moduli have
about the same value. After maximum principal stress difference has been
reached, the stress-strain curves for the salt samples and the water
samples differ somewhat with the principal stress difference for the salt
samples tending to remain about constant for large strains while the
principal stress difference for the water samples tends to fall off. This.
is quite noticeable for samples at low consolidation pressures (compare
Fig. 3.2 with Fig. 3.10, Fig. 3.4 with Fig. 3.11) but less apparent at
higher consolidation pressures (compare Fig. 3.6 with Fig. 3.16). Much
of the difficulty in comparing the curves at high consolidation pressures
derives from the effects of strain-rate change.
Considering only the higher water content of a salt sample for a
given consolidation pressure, it would seem that the salt sample should
show greater tendency to lose shearing resistance after initial contacts
had been broken than would the water samples which have lower water
contents. Apparently, the salt makes it easier for the broken initial
contacts to "remake" and carry the shear stress without loss of strength.
The contacts in the water sample cannot remake as readily as in the salt
samples and some shearing resistance is lost-after the initial contact
breaks.
4.3 Effects of Salt on Shear Strength:
Fig. 3.27 which plots water content versus shear strength and
water content versus consolidation pressure, indicates the following:
1) at the same consolidation pressure, the salt sample and the
water sample have shear strengths that are very nearly
equal;
2) at the same water content, the salt sample is about twice
as strong as the water sample;
3) at the same water content, the consolidation pressure of the
salt sample is about twice as large as the consolidation
pressure for the water sample.
It must be emphasized that these observations are pertinent only to the
soil-water systems peculiar to this experiment and must not be taken out
of context to illustrate the effects of salt on shear strength. Obviously,
the difference between the water content at failure of salt samples and
water samples at the same effective stress is a valid enough reason for
differences in the shear strengths of these two types of samples before
any consideration is given to the possible effect of salt concentration.
If an evaluation of the effect of salt alone on shear strength is to be
derived from the data, the variable of void ratio must be eliminated.
Use of Hvorslev Parameters at maximum principal stress difference would
seem an appropriate means for adjusting the data for water contents at
failure.
The fact that the salt samples have the same Su/W value as the
water samples yet have a somewhat higher void ratio at failure indicates
that the salt clay would surely be stronger than the water clay if the two
samples had the same void ratio at the same . This follows, of course,
c
from a consideration of the meaning of Hvorslev Parameters. In Section
4.7, an estimate of the strength- the salt clay would have at the water
content of the water clay will be made using the Hvorslev Parameters
quoted in Fig. 3.36.
4.4 Effects of Salt on Effective Stress Parameters:
4.4.1 - - at Maximum Principal Stress Difference:
Fig. 3.28a and Fig. 3.29a provide the following relation-
ships between shear stress and normal effective stress on the failure
plane:
T = 0.50 T-f (salt samples)
Tff = 0. 45 f (water samples)
Since the undrained shear strength is the same for the salt clay
and for the water clay at the same consolidation pressure, the sizes of
the Mohr's circles at failure are equal for the two samples and the
increased obliquity for the salt sample means that the Mohr's circle is
closer to the origin. This indicates a higher Af for the salt samples
than for the water samples at maximum principal stress difference. This
would seem to indicate that there is somewhat more collapse of the initial
fabric in the salt sample than in the water sample during the first few
precent strain; the higher water content of the salt sample would seem
to explain this behavior. The effect of the salt is apparently to offset
the effect on shear strength that might be expected to accompany this
collapse of fabric. The broken initial contacts can remake readily
because of the suppressed double layers and carry a considerable portion
of the shear stress carried by the original bond. This behavior will
later be contrasted to the behavior of leached samples where similar
initial fabric collapses in the presence of dispersive double layer
forces.
4.4.2- - at Maximum Principal Effective Stress Ratio:
The ji-angles of Fig. 3.30 and Fig. 3.31 provide the
following effective stress parameters for the failure plane if one
attributes the cohesion intercept to filter strips and piston friction:
= 30.5 Vff = 0.59 ff (salt)
u = 280 ?ff = 0.53 T (water)
It follows directly from the expected effects of salt discussed in
Section 1.2 that the angle of maximum obliquity for the salt samples
should be greater than that of the water samples. At the large strains
at maximum principal effective stress ratio the original bonds along a
failure plane will mostly all have been destroyed so that the shear
strength will be dependent upon the strength of remade bonds and the
.value of (R - T) in the remolded soil on the failure plane. Double layers
are suppressed by salt and conseguently we expect that a larger portion
of the effective normal stress is carried by contact stresses than is the
case in water samples. If it is conceded that (N - A) will develop less
shear resistance than Tam for a given value of normal effective stress,
then the increased c U of the salt clay is explained.
4.5 Effects of Leaching out Salt after Consolidation:
It has been noted in Section 1.3 that previous investigators
have shown that the leaching process after consolidation is one of
essentially constant volume; that is, there is presumably little change
in fabric. The water contents at failure of all salt samples and all
2
leached samples that were consolidated to 3.0 kg/cm are summarized in
Table 4.2. The data show that the aged samples have slightly lower water
contents than the two samples failed soon after consolidation; but the
water contents of the leached samples are not lower than that of the aged,
unleached sample. These "data support previous conclusions that no
appreciable volume changes accompany leaching.
TABLE 4.2
EFFETS OF AGING ON WATER CONTENT
Age at
Test Failure (days)
S-4 3 25.1 28.9
S-9 6 25.0 29.8
L-1 56 24.8 28.9
L-2 42 24.9 28.7
L-3 46 24.6 29.4
S-lo 46 24.6 29.7
L-4 17 24.5 29.2
The effect of salt on an illitic clay is to increase the liquid
limit as has been discussed and illustrated in Sections 1.3 and 4.1. This
will increase the liquidity index and reduce the remolded shear strength
as shown by SKEMPTON and NORTEEY (1952) and discussed in Section 1.3. The
sensitivity of the clay will be increased. It was suspected that it
should also reduce the undrained shear strength.
The change of environment caused by removal, of salt will leave the
fabric somewhat out of equilibrium with the electrical forces of the
double layer. A disturbance to the structure by application of shear
stresses should cause marked reorientation of soil particles. It would
be expected that the stress-strain curves and the effective stress paths
should be quite different for leached and salt samples.
4.5.1 Effects on Shear Strength:
If salt were leached from an illitic clay without fabric
change and with constant effective stress, the normal stresses at original
points of contact should be reduced. The ability of the clay to reform
contacts should be impaired. Both of these effects should contribute to
a reduction of shear strength.
The maximum shear strengths versus water content at failure for the
* w. is the water content when the sample was set up in the triaxial
cell prior to isotropic consolidation.
four leached samples tested during this experiment are plotted on Fig.
3.27. Three samples have noticably reduced shear strength; the fourth
sample fits the salt-curve guite well. None of the points for leached
samples fit the S vs. wf curve for water samples very well although the
data for (L-4) fits the water-line better than it fits the salt-line. If
the leached samples had the same salt content as the water samples, they
might be expected to matbch the curve for water samples better.
The salt content after leaching is undoubtedly an important factor in
explaining these data (see Table 2.2 for a summary of salt content in
the leached samples). The strongest sample (L-2) has the highest salt
content; the weakest sample (L-4) has the lowest salt content.
BJERRUM (1954) and SKEMPTON (1953) have proposed that the ratio
Su/ic can be correlated with plasticity index. Since GREEN (1956) shows
that the effect of salt on plasticity is confined largely to salt concentra-
tions of less than 5 gm/liter, the importance of accurate salt determina-
tions is apparent. The distribution of- the salt in the triaxial sample
should also be of considerable importance. If the shrinkage on drying
may be accepted as an indicator, the amount of structural breakdown that
occurred in the top third of the leached samples was appreciably greater
relative to the rest of the sample than was found to be the case for any
water or salt.samples. This may suggest that the zone of failure in the
leached samples may have been shifted toward the top of the samples
because the salt concentration was less there. Consequently, the salt
contents at failure as reported in Table 2.2, which are averages for the
entire sample, may not be accurate enough indicators of the salt content
in the failure zone.
4.5.2 Effects on Effective Stress Paramenters:
At Maximum Principal Effective Stress Difference:
The Mohr's circles at failure, (" - 3 max. for the four leached
samples are plotted on Fig. 4.1 along with the o. -envelopes for salt
samples and water samples. The 4( -envelopes are the obliquity at
maximum shear stress on the plane of maxiu=, Shea- stress as determined
on Fig. 3.28a and Fig. 3.29a. The obliquities at failure of the leached
samples vary from 170 to 210; less than the obliquity of either salt or
water samples at failure. This shows that the reduced shear strength
of leached samples cannot be accounted for by A alone; the effective
stress parameter, *, is definitely affected by leaching out salt.
At Maximum Principal Effective Stress Ratio:
Effective stress paths for the four leached samples are plotted on
Fig. 3.32 along with the effective stress paths for a salt sample and for
2
a water sample consolidated to 3.0 kg/cm . The maximum obliquity
envelopes for the salt samples and for the water samples are also shown.
It can be seen that maximum principal effective stress ratios for the
leached samples fall on the maximum obliquity envelope of the water samples.
This is as expected. At the large strains corresponding to maximum
obliquity, almost all of the initial bonds have been destroyed and the
shearing resistance that remains will be dependent solely on environment.
Since the leached clay is electrically equivalent to the water clay, it
would be expected to behave similarly after initial structure has been
destroyed.
The high pore pressures that develop in the leached samples are in
marked contrast to the behavior of the normal salt'samples at the same
void ratio and consolidation pressure. Prior to attainment of maximum
principal stress difference the pore pressures in leached samples and salt
samples are virtually equivalent; after about l% strain, the leached
samples begin to develop greater pore pressures than salt samples. The
higher pore pressures in leached samples at high strains are due to their
dispersive double layer forces. As the initial structure breaks down
during shearing stresses, ability to remake contacts is hampered by
expanded double layers in the leached clay. Clay particles tend to
reorient into a more parallel array and transfer normal stress into pore
pressure. The A-factor for the leached samples increases rapidly after
maximum principal stress difference is reached and is still increasing
at. maximum obliquity. The A-factors for the two weaker leached samples
(Fig. 3.23 & 3.24) increase almost linearly with strain.
4.6 Effects of Aging (consolidation during aging is permitted):
Since the leached samples would be considerably more aged after
consolidation when sheared than any of the salt or water samples, it
would be possible that aging might increase the shear strength of the
leached samples. To get some idea of the effect of aging, a salt sample
2(S-10) and a water sample (W-7) were consolidated to 3.0 kg/cm , aged 46
days, and then tested in undrained shear. A. salt solution (35 gm NaCl/
liter) was used in the cell with the salt sample to avoid loss of salt
from the pore water by diffusion through the membrane during aging.
The effective stress path for the aged salt sample is plotted in
Fig. 4.2 along with the effective stress paths for the two non-aged salt
samples used to determine the effective stress parameters. There is no
appreciable difference in these stress paths. The shear strength of the
aged sample is virtually equal to that of the stronger non-aged sample.
However, the lower water content of the aged sample causes the data at
maximum shear stress to plot nicely on the Su vs. r'c plot of Fig. 3.27.
The Af at maximum principal stress difference is slightly less in the
aged sample but not enough to affect the effective stress parameters;
in fact, as seen in Fig. 3.28a, the data falls right on the z-envelope.
The effects of aging on a water sample is shown on Fig. 4.3 by the
effective stress path for test (W-7). It is seen that this aged sample
has a considerably higher undrained strength and a lower A than the two
non-aged water samples also plotted on Fig. 4.3. The aged sample also
developed an appreciably higher maximum obliquity for a few percent strain
but subsequently dropped back to the normal failure envelope. This change
in obliquity occurred almost instantly. On Fig. 4.3, the last data above
the envelope and the next data on the envelope were taken consecutively
at 6.7% and 7.0% strain. This marked decrease in obliquity and in effective
stress is shown very well by the stress-strain plot, Fig. 3.26. It is
believed that this behavior was caused by formation of a failure plane.
The increased strength of the aged water sample is due to reduced
water content. This sample had a water content of 22.0%, somewhat less
than either of the two non-aged samples. Thus, the aged sample plots well
on the Su vs. Tc line in Fig. 3.27.
Another water sample, (w-6), (Fig. 3.13) also consolidated to 3.0
kg/cm but not aged developed a shear strength equal to that of the aged
water sample. This sample, because of a leaky membrane, was consolidated,
rebounded to ( = 0, and reconsolidated. As a result, its water content
was lower than that for the normal samples consolidated to 3.0 kg/cm but
equal to that of the aged sample. On Fig. 3.27 and Table 3.3, the data
for (W-6) compares well with the data for the aged sample.
On Fig. 3.28a, it was shown that aging has had no effect on the
effective stress parameters at maximum principal stress difference for the
salt sample. For the aged water sample, however, Fig. 3.29a shows that
the effective stress parameters at maximum principal stress difference
have been increased a noticeable amount by aging.
The difference in the effect of aging on the salt sample and the
water sanmle makes it difficult to surmise the effect on the leached
samples since the salt content of the leached samples was changing during
,he aging period. The data for the aged samples indicate that it is unlikely
that the effective stress parameters of the leached samples are greatly
affected by aging. However, Fig. 3.27 shows that aging may contribute
a bit to the shear strength but the magnitude of the effect is likely to be
no larger than would be expected from the slightly reduced water content;
aging most likely does not diminish the departure of the data for the
leached samples from the S vs. ( line.
u c
4.7 Use of Hvorslev Parameters to Adjust Undrained Strength:
Ideally, one would like to have salt and water samples at the
same void ratios and consolidation pressures if the effect of salt alone
on shear strength is to be estimated. The i vs. w line for the salt
samples does not correspond to the 6'C vs. wf line for the water samples
(Fig. 3.27); due, probably, to having been consolidated from slurries of
different initial water contents. It was believed that Hvorslev Parameters
might provide a means for making the adjustment in measured shear strength
necessary to separate the effects of salt from the effects of voi ratio.
A shear strength equation in terms of Hvorslev Parameters for the
salt samples is:
ff = rK + T tan r 0 '16 e + 0.25ff e ff .re.f
The cohesion component can be adjusted by using a value of rc corres-
ponding to the water content of a water sample at the consolidation
pressure of the salt sample. The frictiOn component should also be
adjusted since changes in the water content may affect ( even though
* r should be independent of water content.There is some evidence that
will increase if the water content decreases at constant consoli-
dation presoure.
TABLE 4.3
Effect of Water Content on T
ff
Test fc lf 3f ff f e
S-9 3.0 3.03 1.15 1.67 25.0 2.85
S-10 3.0 3.24 1.22 1.77 24.6 3.30
In Table 4.3, the normal stress on the failure plane at failure is
seen to have increased 0.10 kg/cm2 for a reduction in water content of
0.4%. For a decrease in water content (2.5%) corresponding to the adjust-
ment in cohesion that must be made, an appreciable increase in G- may
result. For lack of adequate means to evaluate the effect of water content
on Gff the effect will be ignored. Table 4.4 adjusts only the cohesive
component of shear strength.
TABLE 4.4
Su of Salt Samples Adjusted for Water Content
Test cGT 0.16~ (rtan~ ' e
c lf 3f f ew ew ff r ff u
S-1 2.0 2.31 0.89 1.28 4.5 0.72 0.32 1.04 1.16
s-4 3.0 3.18 1.16 1.70 7.5 1.20 0.42 1.62 1.80
S-9 3.0 3.03 1.15 1.67 7.5 1.20 0.42 1.62 1.80
S-2 4.0 3.92 1.50 2.17 9.0 1.43 0.54 1.97 2.19
S-3 6.0 5.87 2.38 3.39 13.0 2.08 0.85 2.93 3.39
* - is the equivalent consolidation pressure for leached samples read
ew
from the Wf vs. "c line for water samples.
The S vs. c relationship for this soil would be:
Su = 0.15 + 0.46r c
and if the effective stress parameter, $, at maximum principal stress
difference is not to exceed Iu (30.50), Af must be on the order of 0.5,
which would not be too unreasonable.
Since the leached samples have about the same salt content as the
water samples, it was thought that the Hvorslev Parameters for the water
clay might be used to predict the shear strength of the leached samples
by using the consolidation curve for. water samples to determine ie for
the leached samples. The data obtained by this assumption are plotted
on Fig. 3.36. It is seen that the Hvorslev Parameters for the water
samples are not generally appropriate for the leached samples although
the quoted parameters for water samples give the strength of (L-3) and
(L-4) with good agreement as indicated in Table 4.5.
TABLE 4.5
ff of Leached Samples Computed from Hvorslev Parameters
Test f % tan 0.16r computed measured
e __ff ff r e ff 'ff
L-1 1.30 2.04 0.42 0.21 0.63 0.78
L-2 1.23 2.03 0.41 0.20 0.61 0.88
L-3 1.40 2.15 0.44 0.22 0.66 0.73
L-4 1.45 1.84 0.37 0.23 0.61 0.63
4.8 Distribution of Pore Water After Failure and Void Ratios
After Oven-Drying:
It is considered by some researchers that the gradients in
water content between the failure zone and the ends of a triaxial sample
often noticed after an undrained test are an indication of structural
reorientation during shear. The clay particles will tend to realign
parallel to shear forces and induce a tendency to consolidate in the
failure zone (normally consolidated samples; the reverse in over-consolidated
samples). Pore water will migrate away from the failure zone due to
excess pore pressure there and result in the water content near the center
of the sample being lower than the water content near the ends of the
triaxial sample.
This concept is currently subject to considerable debate. Recent
measurements at MIT have shown that gradients in water content exist in
triaxial samples that have been merely consolidated in the triaxial cell
but not sheared. NASIM (1961), using Vicksburg Backswamp~Clay, has shown
that the gradients in water content after failure in normally consolidated
samples can be largely explained by the gradients that existed prior to
failure. It follows, then, that water migration must occur in over-
consolidated samples to account for the fact that the distribution of
water in an overconsolidated sample after failure is different from the
distribution of water in a normally consolidated sample after failure;
the evidence indicates that water migrates toward the failure plane in an
overconsolidated sample during shear.
The triaxial samples of MIT 1139 used in this experiment were cut,
perpendicular to the centerline, into three parts of approximately equal
size and the water content of each piece determined. In Fig. 3.37 is
plotted the difference between the water content of the center piece and
the average water content of the entire sample versus the consolidation
pressure. The data suggest the following:
1) the distribution of water in the normally consolidated samples
is not much affected by consolidation pressure,
2) the distribution of water after failure in the over-consolidated
samples differs from the normally consolidated samples,
3) the leached samples show a more pronounced reduction of water
content in the failure zone than do either the salt or the water
samples.
(1) and (2) are in general agreement with the findings of NASIM (1961) and
suggest either that water migrates away from the failure plane in normally
consolidated samples, into the failure plane of an overconsolidated sample,
or both. Unfortunately, the distribution of water in a triaxially consoli-
dated, unsheared, sample of MIT 1139 was not determined.
(3) suggests that even if there is no water migration in the normally
consolidated salt and water samples, there must be migration in the leached
samples. The weakest leached samples show the greatest variation of water
content between the middle piece and the average (Fig. 3.37).
LAMBE (1958) has suggested that the shrinkage upon drying of a clay
specimen may be used as an indication of particle orientation; at the same
water content, parallel particles should show a larger reduction of void
space upon drying than random platelets.
Shrinkage limits after failure and oven-drying are plotted in Fig.
3.38. This figure indicates the following:
1) dry void ratio is little affected by consolidation pressure,
2) dry void ratio of the center piece (failure zone) is less than
the dry void ratio of the top and bottom pieces,
3) dry void ratio for water samples is less than the dry void
ratio for salt sanples but the difference is less than the
difference in their water contents at failure; the salt samples
actually shrink more,
dry void ratios of the leached samples (initially, a "salt"
fabric) tends toward the value of dry void ratio of the water
samples.
These data suggest that the amount of fabric collapse and particle re-
orientation is greater in the leached samples; the leached samples shrink
to a noticeably lower void ratio upon- drying than do the salt samples at
the same water content.
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CHAPTER V: CONCLUSIONS
The CIU tests on the salt samples and the water samples lead to the
following conclusions regarding the effect of salt on the strength char-
acteristics of the normally consolidated samples of MIT 1139 used in this
experiment:
1) Shear strength: at the same consolidation pressures and for the
void ratios encountered in these experiments, the water samples
and the salt samples are equally strong. If the salt samples and
the water samples had the same void ratio as well as the same
consolidation pressure, the salt sanples would surely be the
stronger.
2) Salt samples have greater maximum obliquity by about 2-1/20.
3) Salt samples exhibit higher effective stress parameters ('i) at
maximum principal stress difference by about 20. Since the salt
and water samples have the same Su/4c, Af in the salt -samples is
slightly greater. This behavior may be more rightly associated
with the differences in void ratio between the salt and water
samples and not to the 'difference in salt content.
The four tests on salt samples that were leached of their salt after
consolidation permit the following conclusions:
1) Shear strength: leaching out salt reduces the shear strength if
the salt content is lowered far enough - say to 5 gm/liter or less.
2) Leaching at constant consolidation pressure does not change the
void ratio.
3) The effective stress parameter ( ) at maximum principal stress
difference is definitely reduced by leaching. Increases in Af
are due to reduced shear strength, not to greater excess pore
pressures.
4) The maximum obliquity (-/ ) is the same whether the salt
is removed before or after coasolidation.
The effects of leaching (and, of salt, for that matter) are most
aptly summarized by comparison of the stress-strain data for two tests:
(L-3) and (S-10). These two tests had the same age at failure (46 days),
the same consolidation pressures (3.0 kg/cm 2), and the same void ratio at
failure (ef = 0.68). The salt concentration in the pore fluid of (S-10) was
35 gm/l; in (L-3), 4.0 gm/liter. The stress-strain data for these two
tests are superimposed in.Fig. 5.1. The following behavior can be observed:
80-
1) Both samples have virtually the same initial moduli of elastidity.
2) Pore pressures are equivalent in the two samples until about 0.81%
strain where the leached sample fails.
3) Leaching has reduced the strain at failure from about 2 to less
than l1o.
4) The leached sample develops only about 80% of the shear strength
of the salt sample.
5) Subsequent to failure of the leached sample at 0.8% strain, the
leached sample develops greater pore pressures than the salt
sample.
6) Remolding in the failure plane causes a considerable reduction of
shear strength in the leached sample; very little in the salt
sample.
7) The leached sample never develops the obliquity attained by the
salt sample.
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